Summary. The effect of the rate of rewarming on the survival of 8-cell mouse embryos and blastocysts was examined. The samples were slowly cooled (0.3\p=n-\ 0.6\s=deg\C/min) in 1.5 m-DMSO to temperatures between \m=-\10and \m=-\80\s=deg\Cbefore direct transfer to liquid nitrogen (\m=-\196\s=deg\C).Embryos survived rapid thawing (275\p=n-\ 500\s=deg\C/min)only when slow cooling was terminated at relatively high subzero temperatures (\m=-\10 to \m=-\50\s=deg\C). The highest levels of survival in vitro of rapidly thawed 8-cell embryos were obtained after transfer to \m=-\196\s=deg\Cfrom\m=-\35 and \m=-\40\s=deg\C(72 to 88%) and of rapidly thawed blastocysts after transfer from \m=-\25to \m=-\50\s=deg\C(69 to 74%). By contrast, for embryos to survive slow thawing (8 to 20\s=deg\C/min) slow cooling to lower subzero temperatures (\m=-\60\s=deg\Cand below) was required before transfer to \m=-\196\s=deg\C.The results indicate that embryos transferred to high subzero temperatures contain sufficient intracellular ice to damage them during slow warming but to permit survival after rapid warming.
Introduction
The two most important factors which contributed to the first successful attempts to preserve mammalian embryos at low temperatures were the rates at which the embryos were cooled and rewarmed. Optimal survival of mouse embryos was achieved with relatively low rates of cooling (0-2-0-8°C/min) and rewarming (4-25°C/min) with dimethyl sulphoxide (DMSO) as the cryoprotective agent (Whittingham, Leibo & Mazur, 1972; Wilmut, 1972) . For 8-cell mouse embryos stored at -196°C, the critical ranges of temperature over which these low rates were necessary for optimal survival were from -4 to -60°C during cooling and from -70 to -20°C during rewarming (Leibo, Mazur & Jackowski, 1974) .
The sensitivity of different cell types to the rate of cooling is well documented (Rapatz & Luyet, 1965; Mazur, Farrant, Leibo & Chu, 1969;  Leibo, Farrant, Mazur, Hanna & Smith, 1970; Farrant, Knight & Morris, 1972) . During slow cooling cells shrink in response to the increasing concentrations of solutes as water freezes in the external medium. If cooling is too rapid the cells freeze internally; in mouse embryos this has been observed directly with a cryomicroscope (Leibo, 1977a) . The injurious effects of intracellular ice may result either from direct action during its growth and recrystallisation on rewarming (Mazur, 1966) or from osmotic stresses imposed on the cells once the intracellular ice has melted (Farrant, 1977) . It is now clear that some cell types can survive when a small quantity of intracellular ice is present provided that thawing is rapid and that the amount of intracellular ice formed during the cooling phase does not exceed a critical amount (Sherman, 1962; Farrant, Walter, Lee & McGann, 1977) .
Earlier studies with mouse embryos showed that a small percentage (~10%) of 8-cell embryos (Whittingham et al, 1972) and blastocysts (Wilmut, 1972) can survive rapid thawing (360-450°C/min) when cooled at rates ranging between 1 and 10°C/min. Moreover, the first successful storage of blastocysts from the cow was obtained after slow cooling (0-22°C/min) and rapid thawing (360°C/min) but again survival was low (<10%) (Wilmut & Rowson, 1973) .
Therefore, it was concluded that rapid warming was detrimental to embryonic survival whatever the rate of cooling. However, it has been shown recently that sheep and cow embryos can survive rapid thawing (360°C/min) provided the slow cooling at 0-3°C/min is terminated between -30 and -45°C by direct transfer to liquid nitrogen (Willadsen, 1977; Willadsen, Polge & Rowson, 1978; .
In this paper we (1) examine in detail the effects of rapid thawing on the in-vitro survival of 8-cell mouse embryos and blastocysts slowly cooled to temperatures between -10 and -80°C before direct transfer into liquid nitrogen and (2) compare the survival of slowly and rapidly thawed embryos after transfer to pseudopregnant foster mothers. In addition, we studied the sensitivity of embryos to the rates and temperatures of removal of the cryoprotective agent after thawing.
Materials and Methods
Since this paper was compiled from the results of experiments conducted in separate laboratories, there are minor differences in the experimental design and procedures for each series of experiments, and these are described in detail below. Source and collection ofembryos Embryos were obtained from (a) mature random-bred LACA and 129C3, F, (129/RrJ 9 x CSH/He^) mice for the preliminary dilution study, (b) 6-8-week-old C57BL/6JLac (ob/+ or +/+), subsequently referred to as BL/6, for the first series of rapid thawing experiments, and (c) 3-4-week-old randombred MF1 (Olac, U.K.) mice for the second series of rapid thawing experiments. Intraperitoneal injections of i.u. hCG were given 44-48 h apart. After the injection of hCG, the females were paired with males of a similar strain, unless otherwise stated, and inspected the next day for copulation plugs. The day that the copulation plug was found was designated Day 1 of pregnancy. Although the gonadotrophin treatment induced synchronous mating, superovulation was only obtained consistently in the randombred MF1 strain. Embryos at the 8-cell stage were flushed from the excised oviducts and early blastocysts from the uteri with a modified Dulbecco's phosphate-buffered medium (PBI: for details see Whittingham, 1974a) on Days 3 and 4 of pregnancy, respectively. At each collection, the embryos were pooled and washed twice with PBI medium (2 ml/wash) before transfer to freezing tubes.
Freezing
The freezing procedures were essentially the same as those described previously for mouse embryos (Whittingham et al, 1972; Whittingham 1974a Dilution of DMSO Initially the thawed samples were diluted in one of two ways: (a) stepwise dilution at 0°C or room temperature by adding, at 1-min intervals, 0-2, 0-2 and 0-4 ml or 0-3, 0-3 and 0-6 ml PBI medium depending upon the original sample volume (0-2 or 0-3 ml), or (b) the single addition of 0-8 or 1-0 ml PBI medium (for sample volumes of 0-2 and 0-3 ml respectively) at room temperature, i.e. 5 min after thawing. The contents of each tube were emptied into an embryological watchglass, the tubes were rinsed twice with 1 ml PBI medium and the embryos recovered. Of 3693 embryos treated, 3307 (89-5%) were recovered and cultured. (Biggers, Whitten & Whittingham, 1971 (Whittingham et al, 1972; Wilmut, 1972; (Willadsen, 1977; Willadsen et al, 1978; . Furthermore, the present data demonstrate for the first time that, under appropriate conditions of freezing, the survival of rapidly and slowly thawed mammalian embryos is similar after transfer to pseudopregnant recipients. The validity of this comparison was enhanced by comparing the survival of slowly and rapidly thawed embryos, identified by a genetic marker (eye pigment), within the same uterine horn of each pseudopregnant recipient.
In previous work, DMSO has been diluted from the embryos after thawing by a slow stepwise procedure, at 0°C (mouse : Whittingham et al, 1972; Whittingham, 1974a; Maurer, Bank & Staples, 1977; rat: Whittingham, 1975) (Woolgar & Morris, 1973;  Thorpe, Knight & Farrant, 1976) . This is also true for 8-cell mouse embryos and blastocysts, since survival after rapid dilution of the DMSO at 20°C is similar to that after slow dilution at 0°C or 20°C.
Two aspects of this study warrant further consideration. Firstly, events during freezing alter the sensitivity of the embryo to the rate of thawing. When mouse embryos are slowly cooled (<l°C/min) to temperatures below -60°C in the presence of 1 m-DMSO, they shrink in response to the increasing concentration of extracellular electrolytes as water freezes in the external medium and apparently no intracellular ice forms (Leibo, 1977a, b) . It is easy to explain the good recovery observed after slow thawing under these conditions, since there is no risk of the recrystallisation of intracellular ice. The poor survival after rapid thawing of these grossly shrunken embryos (without intracellular ice) is much harder to explain. Possibly slow rehydration is necessary for re-assembly of the subcellular structures in the embryo, but there is no evidence for this at present. The cryoprotectant may also play a role in maintaining the integrity of the slowly cooled embryos during rapid warming for when the concentration of DMSO is increased from 1-0 to 1-5 M, sheep embryos cooled at 0-3 and l-0°C/min survive rapid warming at~360°C/min (Willadsen, 1977) .
If mouse embryos are cooled at rates exceeding 5°C/min the nucleation of intracellular ice always occurs between -40 and -50°C (Leibo, 1977a, b) . A few mouse embryos have survived cooling at rates between 5 and 10°C/min when rapidly warmed at 450°C/min (Whittingham et al, 1972) , thus suggesting that embryos can survive after intracellular ice has formed as previously demonstrated in other cell systems (Sherman, 1962; Farrant et al, 1977) . Generally, cells containing too much intracellular ice are extremely sensitive to injury; the temperature at which injury occurs during rewarming varies with the system Mazur, 1977) . The critical factor that determines injury is probably the amount of intracellular ice formed in relation to the rate of thawing (Farrant, 1977) . It Leibo, 1977a, b) but still sufficient to protect the embryos against rapid thawing injury. The intracellular ice may prevent osmotic damage during rapid warming by arresting the movement of water across the cell membranes (Farrant, 1977) or by limiting the exposure time to large fluctuations in solute concentrations. Obviously, many of these aspects await further investigation. Nevertheless, it may be concluded that the behaviour of mammalian embryos at low temperatures is not unique, as originally suggested (Whittingham et al, 1972) , but similar to that of many other types of cells.
The second important aspect of this study is that rapid thawing and rapid dilution of the DMSO allow a useful simplification of the preservation procedure of mouse 8-cell embryos and blastocysts. The essential steps of this modified method are therefore as follows: (1) the incorporation of DMSO (1-5 m) for 5 to 15 min at 0°C; (2) nucleation of ice by sharply tapping each sample, 2-3 min after transfer to a -9°C bath: (3) immediate transfer of samples to a cooling vessel at -6°C and slow cooling (0-3-0-6°C/min) to -40°C; (4) at -40°C the direct transfer of samples into liquid nitrogen for storage; (5) rapid thawing in a 37-40°C water bath until all the ice has disappeared: (6) after 5 min at room temperature, rapid dilution (5-fold) of the DMSO, followed by recovery and culture of embryos.
In conclusion, the behaviour of mouse embryos during freezing and thawing is comparable to that of other types of mammalian cells. The advantage of being able to transfer embryos from -40°C to liquid nitrogen and subsequently thaw them rapidly, makes the technique quicker and more acceptable in practice.
